Single-crystalline hematite (α-Fe 2 O 3 ) nanorings and nanotubes were synthesized by a hydrothermal method. High-resolution transmission electron microscope and selected-area electron diffraction confirm that the axial directions of both nanorings and nanotubes are parallel to the crystalline c-axis. Magnetic measurements show that there exists a first-order Morin transition at about 210 K in the nanoring crystals while this transition disappears in the nanotube crystals. The current results suggest that the Morin transition depends not only on the size, strain, and magnetic field, but also on the shape of nanostructures. This unusual shape dependence of the Morin transition can be explained by a negative surface anisotropy constant in the surface planes parallel to the c-axis and a positive one in the surface planes perpendicular to the c-axis.
• across this transition is due to the sign change of the magnetic anisotropic constant.
Interestingly, this AF-WF transition was found to depend on magnetic field. An applied magnetic field parallel to the rhombohedral [111] axis below T M was shown [2-4] to induce the spin-flip transition in the entire temperature range below T M . The AF-WF transition can also be induced by an applied magnetic field perpendicular to the [111] direction [5] . The magnetic structure, the Morin transition, and the field dependence of T M were explained [5, 6] in terms of phenomenological thermodynamical potential of Dzyaloshinsky.
In recent years, magnetic nanostructures have attracted much attention, not only because of their interesting physical properties but also because of their broad technological applications. Of particular interest is a finite-size effect on ferromagnetic/ferrimagnetic transition temperature. Finite-size effects have been studied in quasi-two-dimensional ultra-thin ferromagnetic films [7] [8] [9] [10] and in quasi-zero-dimensional ultra-fine ferromagnetic/ferrimagnetic nanoparticles [11] [12] [13] [14] [15] . The studies on thin films [7] [8] [9] [10] and more recent studies on nanoparticles [13] [14] [15] have consistently confirmed the finite-size scaling relationship predicted earlier [16] . Similarly, a finite-size effect on the Morin transition temperature was observed in nanosized α-Fe 2 O 3 spherical particles [17] [18] [19] . The data show that T M decreases with decreasing particle size [17, 19] , similar to the case of ferromagnetic/ferrimagnetic nanoparticles [13] [14] [15] . The reduction in the Morin transition temperature was interpreted as due to inherent lattice strain (lattice expansion) of nano-crystals [17] . For example, an isotropic increase of the lattice spacing by 0.2% in 53 nm nano-crystals leads to a suppression of T M by about 92 K (Ref. [17] ). More recent work [19] showed that the T M suppression is caused by both strain and the finite-size effect, commonly observed in ferromagnetic/ferrimagnetic materials. Here we show that the Morin transition temperature depends not only on the size, strain and magnetic field, but also on the shape of nanocrystals. The strong shape dependence of the Morin transition is quite intriguing considering the fact that the lattice strains of both nanoring and nanotube crystals are similar and small, and that the sizes of nanocrystals are too large (>30 nm) to explain the complete suppression of T M in the nanotubes. The most likely explanation is that there may exist a negative surface anisotropy constant in the surface planes parallel to the c-axis and a positive one in the surface planes perpendicular to the c-axis.
α-Fe 2 O 3 nanorings were prepared by a hydrothermal method, which is similar to that reported in [20] . In the typical process, FeCl experimental parameters unchanged, increasing the phosphate concentration from 0.05 to 0.50 mM/L to produce α-Fe 2 O 3 nanotubes.
The morphology of the samples was analyzed by field emission scanning electron microscopy (FE-SEM, SU70, operated at 3 kV). T M (WF state). It is interesting that T M for warming measurements is significantly higher than that for cooling measurements (the arrows in the figure indicate the directions of the measurements). This difference is far larger than a difference (about 6 K) due to extrinsic thermal lag. This thermal hysteresis was also observed in spherical α-Fe 2 O 3 nanoparticles [19] . The observed intrinsic thermal hysteresis suggests that the nature of the Morin transition is of first-order. The result in Fig. 5a also indicates that the Morin transition temperature decreases with the increase of the applied magnetic field. The zero-field Morin transition temperature in the nanorings is about 210 K (see Supplemental Material). What is striking is that the Morin transition is completely suppressed in the nanotubes (see Fig. 5b ).
For shorter nanotubes with a mean tube-length of about 100 nm, the Morin transition is broader than that for the nanorings and the zero-field Morin transition temperature is about 188 K (see Supplemental Material).
In Figure 6a , we compare magnetic hysteresis loops at 300 K for the nanorings and nanotubes. There is a subtle difference in the magnetic hysteresis loops of the two samples.
The remanent magnetization M r for the nanotube sample is about 40% higher than that for the nanoring sample, which is related to a higher coercive field in the former sample.
However, the saturation magnetization M s , as inferred from a linear fit to the magnetization data between 15 and 30 kOe, is the same (0.303±0.001 emu/g) for both samples. Fig. 6b shows magnetic hysteresis loops at 10 K for the two samples. It is clear that the nanotube sample remains weak ferromagnetic at 10 K (the absence of the Morin transition down to 10 K) while the nanoring sample is antiferromagnetic with zero saturation magnetization.
The completely different magnetic behaviors observed in the nanoring and nanotube samples are intriguing considering the fact that the two samples have the same saturation magnetization at 300 K and nearly the same lattice parameters. It is known that the lattice strain can suppress T M according to an empirical relation deduced for spherical nanoparticles 8 [19] : ∆T M = −600ǫ K, where ǫ is isotropic lattice strain in %. For a uniaxial strain, the formula may be modified as ∆T M = −200ǫ i K, where ǫ i is the strain along certain crystalline axis. For the nanoring sample, a = 5.0343(6)Å, which is slightly smaller than (5.0351Å) for a bulk hematite [21] . This implies that ǫ a = −0.016% for the nanoring sample, in excellent agreement with that (−0.017%) inferred from the XRD peak widths (see Supplemental Material). For the nanotube sample, a = 5.0314(14)Å, so ǫ a = −0.07%, in good agreement with that (−0.05%) inferred from the XRD peak widths (see Supplemental Material). The negative strain would imply an increase in T M according to the argument presented in
Ref. [17] . Therefore the suppression of T M cannot arise from the lattice strains along the a and b directions. On the other hand, the lattice strain along the c direction is positive.
Comparing the measured c-axis lattice parameters of the two samples with that for a bulk hematite [21] , we can readily calculate that ǫ c = 0.05% for the nanoring sample and 0.14%
for the nanotube sample. According to ∆T M = −200ǫ i K, this leads to the suppression of T M by 10 K and 28 K for the nanoring and nanotube samples, respectively.
As mentioned above, there is also an independent finite-size effect on T M unrelated to the strain. For spherical nanoparticles, T M is suppressed according to ∆T M = −1300/d K (Ref. [19] ), where d is the mean diameter of spherical particles in nm. For the nanoring and nanotube samples, the smallest dimension is the wall thickness t, which should play a similar role as the diameter of spherical particles [14] . With t = 58 nm and 32 nm for the nanoring and nanotube samples, respectively (see Supplemental Material), T M should be suppressed by 22 K and 41 K, respectively, according to ∆T M = −1300/t K. Therefore, due to the strain and finite-size effect, T M would be reduced from the bulk value of 258 K (Ref. [17] )
to 226 K and 189 K for the nanoring and nanotube samples, respectively. For the nanoring sample, the zero-field T M is about 211 K, which is quite close to the expected value. But for the nanotube sample, the Morin transition is almost completely suppressed, which cannot be explained by the observed strain and the mean wall thickness of the nanotubes.
Another possibility is that the nanotubes may contain more lattice deficiencies than the nanorings. If this were true, the linewidth of the Mössbauer spectrum for the nanotube sample would be broader than that for the nanoring sample because the Mössbauer linewidth is sensitive to disorder, inhomogeneity, and lattice deficiencies. In contrast, the observed linewidth for the nanotube sample is smaller than that for the nanoring sample by 33% (see Supplemental Material). If there would exist substantial lattice deficiencies, they would 9 mostly be present in surface layers. The narrower Mössbauer linewidth observed in the nanotube sample is consistent with the fact that the nanotubes have a smaller fraction of surface layers.
Finally, we can explain the strong shape dependence of the Morin transition temperature if we assume that the surface magnetic anisotropy constant K s is negative in the surface planes parallel to the c-axis and positive in the surface planes perpendicular to the c-axis.
Indeed a negative value of K s was found in Ni (111) surface [22] while K s is positive in Co(0001) surface [23] . For the nanorings, the surface area for the planes parallel to the caxis are similar to that for the planes perpendicular to the c-axis. Therefore, the total K s will have a small positive or negative value due to a partial cancellation of the K s values (with opposite signs) in different surface planes. In contrast, the surface area of a nanotube for the surface planes parallel to the c-axis is much larger than that for the planes perpendicular to the c-axis. This implies that the total K s in the nanotubes should have a large negative value.
For bulk hematite, the Morin transition temperature is uniquely determined by the total bulk anisotropy constant K at zero temperature [25] . Contributions to K are mainly dipolar anisotropy constant K M D , arising from magnetic dipolar interaction, and fine structure anisotropy (magneto-crystalline anisotropy) K F S , arising from spin-orbit coupling [25] . With 
where K s and K s⊥ are the surface anisotropy constants for the planes parallel and perpendicular to the c-axis, respectively, and L is the tube length. Here we have assumed that the surface areas of the inner and outer walls are the same for simplicity. Since T M for the nanotube sample is just suppressed to zero, For the outer-wall surface of the ring, the average distance between the adjacent planes is 0.270 nm, which indicates that these are (104) planes. From the HRTEM images, it is also apparent that the surfaces are smooth and the density of lattice deficiencies is not substantial. Since the axes of both nanorings and nanotubes are parallel to the crystalline c-axis (see main text), the mean wall thickness of the nanorings and nanotubes can be quantitatively determined by the peak widths of the x-ray diffraction peaks that are associated with the diffraction from the planes perpendicular to the c-axis. Figure 11 shows x-ray diffraction spectra of the (110), (300), and (220) peaks for the nanoring and nanotube samples. The peaks are best fitted by two Lorentzians (solid lines) contributed from the Cu K α1 and K α2 15 radiations. The fit has a constraint that the ratio of the K α1 and K α2 intensities is always equal to 2.0. It is known that the x-ray diffraction peaks are broadened by strain, lattice deficiencies, and small particle size. When the density of lattice deficiencies is negligibly small, the broadening is contributed from both strain ǫ and particle size t. In this case, there is a simple expression [26] :
where the first term is the same as Scherrer's equation that is related to the particle size t, the second term is due to strain broadening, and ξ was found to be close to 2ǫ (Ref. [27] ).
In Fig. 12 , we plot β cos θ/λ versus 2 sin θ/λ for the nanotings and nanotubes. According to Eq. 1, a linear fit to the data gives information about the mean wall thickness t and strain ǫ a along a and b axes. The strain is small and negative for both samples (see the numbers indicated in the figures). It is interesting that the magnitudes of the strain inferred from the XRD peak widths are very close to those found directly from the measured lattice parameters. For example, the strain is found to be −0.07% from the lattice parameters for the nanotubes (see main text), in excellent agreement with that (−0.05%) inferred from the XRD peak widths.
IV. Field dependence of the Morin transition temperature in nanorings
The result in Fig. 5a of the main text suggests that the Morin transition temperature decreases with the increase of the applied magnetic field. In Figure 13 , we show the plot of T M versus applied magnetic field H for the nanoring sample. Here T M is a simple average of the warming and cooling T M 's, which are defined as the midpoint temperatures in the transition range. It is evident that T M decreases linearly with increasing magnetic field, in agreement with the previous result [19] . The zero-field T M is 210.5 K, which is close to the expected value from the measured strain and particle-size (see the main text).
V. Room-temperature Mössbauer spectra for the nanorings and nanotubes It is known that the linewidth of a Mössbauer spectrum is sensitive to disorder, inhomogeneity, and lattice deficiencies. If the nanotubes would contain more lattice deficiencies than the nanorings, the Mössbauer linewidth for the nanotube sample would be broader than that for the nanoring sample. In Fig. 14, we show room-temperature Mössbauer spectra for the nanorings and nanotubes. The spectra are fitted by a single sextet (solid lines) with the fitting parameters displayed in Table I . It is apparent that the linewidth for the nanotube sample is smaller than that for the nanoring sample by 33% while all other parameters are the same within the uncertainties. The much narrower linewidth for the nanotube sample implies less lattice deficiencies, disorder, and/or inhomogeneity. Therefore, it is unlikely that the absence of the Morin transition in the nanotube sample is caused by more lattice deficiencies and/or disorder.
VI. Morin transition in short nanotubes
In the main text, we have shown that there is a first-order Morin transition in the nanorings and this transition is almost completely suppressed in the nanotubes with the mean tube length of about 300 nm and mean wall thickness of 32 nm. Now a question arises as to how the Morin transition depends on the tube length while the wall thickness remains similar. We have prepared short nanotubes using the same starting materials as the nanorings but with a slightly lower hydrothermal treatment temperature (220 • C rather than 240 • C). parameter is similar to that (13.7644(19)Å) for the nanorings. The mean wall thickness and strain are determined by the XRD peak widths displayed in Fig. 16 . The mean wall thickness of the short tube is 38 nm, slightly larger than that (32 nm) for the long nanotubes. The strain for the short nanotubes is the same as that for the long nanotubes. This is consistent with the same a-axis lattice constant found for the short and long nanotubes. [2] Besser, P. J.; Morrish, A. H. Phys. Lett. 1964, 13, 289. 
